Abstract We demonstrated previously that TRPV1-dependent coupling of coronary blood flow (CBF) to metabolism is disrupted in diabetes. A critical amount of H 2 O 2 contributes to CBF regulation; however, excessive H 2 O 2 impairs responses. We sought to determine the extent to which differential regulation of TRPV1 by H 2 O 2 modulates CBF and vascular reactivity in diabetes. We used contrast echocardiography to study TRPV1 knockout (V1KO), db/ db diabetic, and wild type C57BKS/J (WT) mice. H 2 O 2 dose-dependently increased CBF in WT mice, a response blocked by the TRPV1 antagonist SB366791. H 2 O 2 -induced vasodilation was significantly inhibited in db/db and V1KO mice. H 2 O 2 caused robust SB366791-sensitive dilation in WT coronary microvessels; however, this response was attenuated in vessels from db/db and V1KO mice, suggesting H 2 O 2 -induced vasodilation occurs, in part, via TRPV1. Acute H 2 O 2 exposure potentiated capsaicin-induced CBF responses and capsaicin-mediated vasodilation in WT mice, whereas prolonged luminal H 2 O 2 exposure blunted capsaicin-induced vasodilation. Electrophysiology studies re-confirms acute H 2 O 2 exposure activated TRPV1 in HEK293A and bovine aortic endothelial cells while establishing that H 2 O 2 potentiate capsaicin-activated TRPV1 currents, whereas prolonged H 2 O 2 exposure attenuated TRPV1 currents. Verification of H 2 O 2 -mediated activation of intrinsic TRPV1 specific currents were found in isolated mouse coronary endothelial cells from WT mice and decreased in endothelial cells from V1KO mice. These data suggest prolonged H 2 O 2 exposure impairs TRPV1-dependent coronary vascular signaling. This may contribute to microvascular dysfunction and tissue perfusion deficits characteristic of diabetes.
Introduction
Reactive oxygen species (ROS), classically defined as partially reduced metabolites of oxygen possessing strong oxidizing capabilities, cause damage to protein, DNA, and other cellular constituents. While often deleterious at high concentrations, low concentrations can serve as complex signaling components. At ''physiological concentrations'', ROS function as signaling molecules that regulate cell growth, differentiation, senescence, and apoptosis [15] Dysfunctional vascular signaling as a result of enhanced ROS production is characteristic of diabetes and contributes toward the progression of associated cardiovascular pathologies. Diabetes chronically increases ROS, including hydrogen peroxide (H 2 O 2 ), by numerous mechanisms including increases in pro-inflammatory enzymes and mitochondrial disturbances [46, 56] . This shifts the redox balance and induces oxidative stress. Oxidative stress has been proposed to contribute to the pathogenesis of systemic, metabolic and cardiovascular diseases [16, 19] including the development and progression of diabetic vascular complications and endothelial dysfunction [20, 26, 29] .
The transient receptor potential vanilloid 1 (TRPV1) channel, a polymodal cation channel selectively stimulated by capsaicin [40, 53] is important in the pathogenesis of various diseases states including obesity and diabetes [34, 58, 65] . In particular, we have demonstrated previously that TRPV1-dependent coupling of coronary blood flow (CBF) to metabolism is disrupted in diabetic mice [21] . Chemical reactions between transduction channels and reactive chemicals have recently been proposed as effective means to alter channel sensitivities to various stimuli [50, 52, 63] . Despite the importance of oxidative stress in diabetes, knowledge of its role in modulating TRPV1 activity is not well understood. Redox modulation of ion channels, TRPV1 specifically, to oxidative stress and/or oxidative chemicals may be a key biochemical mechanism leading to altered channel functional expression of TRPV1 in response to oxidative stress environments. A critical amount of ROS and redox state within a certain level is necessary for coronary flow regulation; however, oxidative stress impairs CBF regulation in diabetes via dysfunctional TRPV1 activation.
Recently, Murthy and co-workers [38] demonstrated diabetic patients with impaired coronary flow reserve (i.e. microvascular dysfunction) and no evidence of coronary artery disease (CAD) had essentially the same annualized cardiac mortality as diabetic patients with known CAD. Understanding mechanisms associated with microvascular dysfunction could help to treat/delay the onset of more severe cardiovascular complications (cardiomyopathy) in diabetic patients. Considering tissue damage and inflammation occurs during diabetes to enhance ROS production, decreased TRPV1 functional activation following oxidative stress is likely to occur and may describe the uncoupling of CBF to metabolism observed in diabetic animals. Since coronary arteriolar dilation to H 2 O 2 is a redox sensitive process, a fundamental goal toward understanding the mechanisms coupling CBF to metabolism is to identify molecules that transduce changes in metabolic demand to modulation of CBF. Thus, we hypothesize that H 2 O 2 transduction of metabolic signals in coronary dilation is TRPV1 dependent and that H 2 O 2 differentially regulates TRPV1 to alter vascular responses in coronary tissue. Specifically, H 2 O 2 will stimulate TRPV1 to elicit dilation at lower doses or times of exposure, compared to damaging vascular dilator machinery to inhibit dilation at larger doses or durations of exposure. We believe the difference in whether ROS exerts a beneficial or detrimental effect relates to the amount and duration of ROS exposure. Therefore different levels of oxidative stress may cause TRPV1 to respond in a graded fashion, and modify TRPV1 responses including CBF regulation leading to microvascular dysfunction in diabetes. In the present study, we used an integrated approach to address the ability of H 2 O 2 to differentially regulate TRPV1 activity to alter vascular responses. We demonstrate prolonged H 2 O 2 exposure disrupts TRPV1-dependent coronary vascular signaling, which may result in tissue perfusion impairments characteristic of diabetes.
Methods and materials Mice
All procedures were conducted with the approval of the Institutional Animal Care and Use Committee of the Northeast Ohio Medical University (NEOMED) and in accordance with National Institutes of Health Guidelines for the Care and Use of Laboratory Animals (NIH publication 2011). Mice breeding pairs were originally purchased from Jackson Labs (Bar Harbor, ME) after which mice were bred in the NEOMED animal facility. Experiments were performed in 10-12 week-old male TRPV1 Knockout (V1KO-C57BK/6 background), db/db or agedmatched, C57BKS/J (WT) mice as controls. Mice were housed in a temperature-controlled room with a 12:12-h light-dark cycle and maintained with access to food and water ad libitum.
Jugular and femoral artery catheterization
Mice received a surgical plane of inhaled anesthesia with 1.5-2.5 % sevoflurane gas with supplemental oxygen, using a veterinary anesthesia and monitoring device. Animals were placed on controlled heating table, maintained at 37°C with core temperature measured via a rectal probe. Mice were secured in the supine position and placed under a dissecting microscope. The right jugular vein was cannulated for intravenous drug infusions and contrast infusion. See methods and materials section from Guarini et al., [21] for complete description.
Contrast echocardiography CBF measurements
For myocardial contrast echocardiography (MCE), animals were prepared as above. Mice were infused with capsaicin (1-100 lg/kg) or H 2 O 2 (0.2, 0.4, 2 and 4 lmol/kg/min) alone and non-targeted contrast. Importantly, only during the in vivo potentiation experiments were Capsaicin and H 2 O 2 infused simultaneously. For complete description of methods, see methods and materials section from Guarini et al. [21] .
Experimental protocol
Following each surgery, mice were given a bolus injection of the ganglionic blocker hexamethonium (HEX, 5 mg/kg, Sigma) to eliminate reflex adjustments and focus on the primary vascular actions of capsaicin. Initial studies were performed to determine the effects of continuous infusion of H 2 O 2 and/or capsaicin administered in an escalating fashion at the rate of 20 ll/min for 4 min Hemodynamic response curves were performed in WT, db/db and V1KO mice, before and after inhibition of TRPV1 channels (SB366791-100 lg/ kg iv, Sigma). 10 min elapsed following each inhibitor before H 2 O 2 and/or capsaicin infusion began to allow for MAP to stabilize. Pressures and/or heart rate were continuously recorded throughout the experiment. A subset of db/db mice were injected (via tail vein administration) with PEG-Catalase (three times per week, 7000 Units/injection) for 1 week and subjected to capsaicin to examine blood flow responses.
Isolated coronary microvessel reactivity studies
Mice were anesthetized and hearts were excised and placed in ice-cold physiological saline solution. Coronary arterioles were dissected free from ventricular wall tissue in buffer containing (mM) 145 NaCl, 5.0 KCl, 2.5 CaCl 2 , 1.17 MgSO 4 , 25.0 NaHCO 3 , 10 glucose; pH 7.4. Isolated vessels were then cannulated with glass pipettes and secured with silk suture in a temperature-controlled chamber (Danish Myotech, DMT, Atlanta, Georgia) mounted on the stage of an inverted microscope outfitted with a video camera and edge detection analyzer. Arterioles were pressurized to 60 mmHg and warmed to 37°C. Vessel viability was determined using 60 mM KCl. Vessels were pre-contracted with the thromboxane mimetic, U46619 (1 lM) and subsequent H 2 O 2 , sodium nitroprusside (SNP) and capsaicin-mediated relaxation was assessed in the presence and absence of various reducing agents as well as pharmacological inhibitors of TRPV1 and voltage-gated potassium channels. Similarly, the effects of DTT on KClmediated contraction were examined. Drugs were administered in 4 min increments with steady state diameter measurements taken over the course of the final 30 s of concentration exposure. For statistical purposes, each vessel represents one experiment performed thus n = number of vessels.
Endothelium disruption
The endothelium was disabled in a subset of coronary arteriole experiments by passing *1 ml of air through the lumen. Disruption of the endothelium was assessed by exposing U46619-constricted arterioles to Acetylcholine (ACh, 1 lM). Only arterioles where ACh-mediated vasodilation was absent (\10 %) were used.
Isolation of mouse coronary endothelial cells (MCECs)
Endothelial cells were isolated using the aortic explant method. Briefly, aortic rings and coronary microvessels were placed in Matrigel for 7 days. The vascular tissue was carefully removed, and endothelial cells were isolated, washed, and plated on gelatin (0.1 %)-coated dishes. Mouse aortic endothelial cells (MAEC) and coronary endothelial (MCECs) were cultured on fibronectin-coated tissue culture dishes and grown in a defined medium composed of low-glucose DMEM, 10 % FBS, 10 % Nu Serum IV, basic fibroblast growth factor (6 ng/ml), heparin salt (0.1 mg/ml), 1 % insulin-transferrin-selenium, and antibiotic/mycotic mix. Cells were cultured in a 37°C, 5 % CO 2 incubator, split at *90-95 % confluence, and used between passages 11 and 22. HEK-293 cells were cultured in high-glucose DMEM, 10 % FBS, 100 U/ml penicillin, and 100 lg/ml streptomycin at 37°C in a humidified 5 % CO 2 environment. Mouse Coronary Endothelial Cells (MCEC) from C57BL6 mice were acquired from Cell Biologics (Chicago, IL) and grown in provided EC media containing VEGF, ECGS, Heparin, EGF, Hydrocortisone, L-Glutamine, Antibiotic-Antimycotic solution and FBS.
Cell culture and transient transfection
Human Embryonic Kidney-293A (HEK293) cells were maintained in Dulbecco's Modified Eagle's Media (Invitrogen) supplemented with 10 % Fetal Bovine Serum, 2 mM L-Glutamine, 100 U/ml Penicillin and 100 lg/ml Streptomycin. Bovine aortic endothelial (BAECs) cells were maintained (from passages 3 to 9) in Bovine endothelia cell growth media from Cell Applications (San Diego, CA). Both BAEC and HEK293A cells were plated in a 12-well plate for 24 h. after which, cells were transfected with Mirus TransIT Ò -2020 according to the manufactures protocol. pCDNA3-Rat TRPV1 (Gift from Dr. David Julius) was co-transfected with EGFP-N1 (Clontech) (4:1 ratio). Cells were trypsinized and used within 36-48 h following transfection.
Cell survival assay
To examine the effects of prolonged H 2 O 2 exposure on cell survival, a Presto blue assay (measure of cell survival) was performed on HEK and BAECs following prolonged H 2 O 2 treatment (1 h) at concentrations ranging from 10 lM to 10 mM. Briefly, HEK and BAEC cells were seeded into a 96-well plate and allowed to grow to confluence. Cells were treated with H 2 O 2 in complete media (1 uM to 10 mM) for 1 h. Following the 1 h treatment, H 2 O 2 media was removed and cells were washed with PBS. Presto blue reagent (Invitrogen) was added to complete media and 100uL of Presto blue and complete DMEM media were added to each well. Following a 2 h incubation, plates were read for Fluorescence (535 nm excitation/615 nm emission). Each treatment was done in triplicate and data represents 3 separate experiments.
Patch-clamp electrophysiology
The whole-cell patch clamp recordings were performed at room temperature in transfected HEK and BAEC cells. Data were acquired and analyzed using an Axopatch 200B amplifier and pCLAMP10 software (Axon Instruments, Union City, CA, USA). Currents were filtered with a low pass Bessel filter at 1 kHz and sampled at 5 kHz. Borosilicate pipettes (Sutter, Novato, CA, USA) were polished to resistances of 0.5-3 MX. I-V relations were obtained as previously described [6] . After whole-cell access was established, series resistance and membrane capacitance were compensated as completely as possible. Current-voltage relationships were assessed by 400-ms step pulses from -100 to ?100 mV in 20-mV increments from -40 mV holding potential. Steady state currents (average of 350-400 ms intervals) were used to generate I/V plots. Similarly, MCECs were held and recorded at -60 mV holding potential in response to H 2 O 2 . In wholecell patch the extracellular bath solution contained (in mM): 135 NaCl, 5 KCl, 2CaCl 2 , 1 MgCl 2 , 10 Glucose, 10 HEPES 5 Tris-base, and pH 7.4 with NaOH. Intracellular solutions contained 140 KCl 1 MgCl 2 , 1 EGTA, 5 MgATP, 1 Na-GTP, 10 HEPES, 5 Tris-base, and pH 7.1 with KOH.
Drugs
All drugs were purchased from Sigma Chemicals (St. Louis, MO, USA) unless otherwise stated. Capsaicin and Penitrem A were dissolved in stock solutions of ethanol. SB366791 was dissolved in DMSO. Hexamethonium (5 mg/ml) stock solution was made up in saline. Vehicles had no effects on vascular or electrophysiology responses.
Statistics
Data are expressed as mean ± SEM. Statistical comparisons were made with paired t tests or two-way repeated measures analysis of variance (ANOVA; with Bonferroni multiple comparison) as appropriate. For statistical analyses, GraphPad Prism 6.0 software for Windows 7 (GraphPad Software, San Diego, Calif) was utilized. In all tests, P \ 0.05 was considered statistically significant.
Results
H 2 O 2 mediated vascular signaling in vivo and in vitro is, in part, TRPV1 dependent
The ability of H 2 O 2 to regulate CBF was examined in vivo. Heart rate and mean arterial blood pressure were monitored throughout the experiments and did not change significantly (See Supplemental Table 1 ), suggesting that with intravenous infusion, the cardiovascular effects of H 2 O 2 were limited to the coronary circulation. Importantly, since H 2 O 2 did not influence heart rate (HR) or perfusion pressure, increases in blood flow represent reductions in coronary vascular resistance, i.e., vascular relaxation. H 2 O 2 infusion (0.2-4 lmol/kg/min) increased CBF in a dosedependent manner in WT mice (Fig. 1a) , while SB366791 (100 lg/kg), a TRPV1 channel antagonist, significantly attenuated H 2 O 2 -induced increases in CBF (Fig. 1a) , indicating H 2 O 2 -mediated increases in CBF is, in part, mediated through TRPV1 channels. Compared to WT mice, H 2 O 2 -mediated increases in CBF were significantly reduced in V1KO and db/db mice (Fig. 1b) . This suggests two things: (1) H 2 O 2 -induced increases in CBF are mediated in part by TRPV1 channels (based on the lack of response in V1KO mice) and (2) that the coupling of this H 2 O 2 -TRPV1 channel mechanism to increases in CBF is disrupted by metabolic diseases (based on blunted responses in the db/db mice).
H 2 O 2 -mediated vascular signaling in vitro was investigated in coronary microvessels dissected from murine hearts. Isolated coronary microvessels were cannulated, pressurized and subsequently pre-contracted with the thromboxane mimetic U46619 (1 lM). Following contraction, vessels were exposed to increasing concentrations of H 2 O 2 (10 nM-100 lM). Isolated coronary microvessels from WT mice dilated significantly when exposed to increasing concentrations of H 2 O 2 ( Fig. 2b ). This relaxation was markedly attenuated by pre-incubation with the TRPV1 inhibitor, SB366791 (10 lM). To further examine the contribution of other H 2 O 2 -sensitive channels in mediating coronary vascular relaxation, vessels were exposed to specific antagonists for the voltage-gated potassium (K V ) channel (4-aminopyridine, 4-AP, 3 mM) and the large conductance, calcium-sensitive potassium (BK) channel (Penitrem A, Pen A, 10 lM). Incubation with 4-AP blunted the H 2 O 2 mediated relaxation ( Fig. 2b ) and was completely abolished with the combination of 4-AP and SB366791 (Fig. 2b ) indicating roles for both K V and TRPV1 channels in H 2 O 2 -mediated vasorelaxation.
Pen A slightly attenuated H 2 O 2 -mediated relaxation in WT and V1KO mice yet had a minimal effect on the dilatory response to H 2 O 2 in diabetic mice indicating little, if any role of BK channels in this response.
Having confirmed coronary dilation to TRPV1 agonist stimulation in previous studies is endothelium-dependent [21] , we sought to determine the contribution of endothelial TRPV1 channels to the observed H 2 O 2 -induced coronary dilation. This was achieved by removal of the coronary endothelium prior to the H 2 O 2 dose-response treatment. Importantly, endothelial denuding and L-NAME pretreatment significantly decreased the H 2 O 2 -mediated relaxation in WT mice (Fig. 2c) . No effect of endothelial denuding was observed on this response in vessels isolated from V1KO mice (Fig. 3b) . Similarly, SB3667791 had no effect on H 2 O 2 relaxation in endothelial-intact or -denuded vessels in V1KO mice (Fig. 3b) . Since reactive thiol groups (particularly cysteine residues) of proteins are major H 2 O 2 signaling targets, the thiol-specific reducing agent Dithiothreitol (DTT) was used to reverse H 2 O 2 -induced relaxation. Importantly, addition of DTT did not alter vessel viability as 60 mM K ? -induced contractions were identical before and after addition of DTT (Fig. 3c) . Exposure of coronary microvessels to 10 lM DTT abolished the H 2 O 2 -mediated vasodilation in all vessels suggesting H 2 O 2 may mediate these effects via its action on thiol groups of proteins (Fig. 2c, e, f) . DTT had no effect on ACh-induced relaxation (Fig. 3d) , suggesting the effect of DTT is specific for H 2 O 2 -induced relaxation.
Next we found the H 2 O 2 -dependent dilation in V1KO mice is attenuated when compared to WT, further indicating a role for TRPV1 in mediating this observed response (Fig. 2d) . Incubation of vessels from V1KO animals with 4-AP, DTT and endothelial denuding significantly attenuated the residual H 2 O 2 mediated relaxation (Fig. 2e) . Furthermore, addition of SB366791 had no effect on relaxation. Similarly, H 2 O 2 dose-dependently relaxed vessels contracted to U46619 (1 lM) from db/db mice, yet H 2 O 2 -mediated relaxation was blunted compared to WT (Fig. 2f) . SB366791 had no effect on H 2 O 2 -mediated relaxation, whereas 4-AP and DTT blocked the remaining residual H 2 O 2 relaxation in db/db mice (Fig. 2f) .
Using electrophysiology, pCDNA3-TRPV1 transfected HEK-293 and bovine aortic endothelial cells (BAECs) demonstrated dose-dependent increases in current by capsaicin (0.1-1 lM) (Fig. 4a-c) . Next TRPV1-mediated currents were recorded in response to increasing concentrations of H 2 O 2 (1-100 lM) in the presence and absence of SB366791 (Fig. 4d ). Similar to capsaicin, H 2 O 2 dose dependently increased TRPV1 current (confirming previous findings [9] ), which was blocked by SB366791 ( Fig. 4d; Supplemental Fig. 1c) . Verification of H 2 O 2 -mediated activation of intrinsicTRPV1 was examined in MCECs from WT and V1KO mice. Quantification of H 2 O 2 -mediated currents were significantly decreased in MCECs from V1KO mice (Fig. 4e-g ).
Acute exposure leads to TRPV1 potentiation/ sensitization by H 2 O 2
We next examined if (1) acute H 2 O 2 exposure potentiated capsaicin-mediated responses and (2) if prolonged H 2 O 2 exposure disrupted TRPV1 activity and signaling. Initial experiments were again performed in vivo examining changes in CBF. Capsaicin-mediated increases in CBF were determined immediately following brief (less than 5 min) exposure to a single dose of H 2 O 2 (0.2 lmol/kg). We found capsaicin-mediated increases in CBF were potentiated following a brief exposure to H 2 O 2 ( Fig. 5a ) in WT mice, whereas these potentiated responses were blunted in the presence of SB366791 (Fig. 5a ) in WT mice and not observed in V1KO and db/db mice (Fig. 5b) . Similar to in vivo responses, H 2 O 2 effects on capsaicinmediated relaxations were examined following acute exposure to H 2 O 2 in coronary microvessels. 100 nM H 2 O 2 was chosen in order to expose TRPV1 to a concentration that would contribute to TRPV1 signal without confounding the responses with the potential effects of K V and/or BK channel activation. We found microvessels from WT mice exposed to acute administration of H 2 O 2 (100 nM) exhibited enhanced capsaicin-dependent dilation at low capsaicin concentrations (Fig. 6a) relaxation from WT mice under baseline conditions (n = 37) and following inhibition of TRPV1 with SB366791 (10 lM; n = 6) and two potassium channel inhibitors; Pen A (BK channel, 10 lM; n = 6) and 4-AP (K V channel, 10 lM; n = 6). c Summary data of H 2 O 2 mediated relaxation from WT mice under baseline conditions (n = 37) and following endothelial denuding and in the presence of the reducing agent DTT and L-NAME (n = 6 each). d Data comparing H 2 O 2 -mediated relaxation in isolated vessels from WT (n = 37), V1KO (n = 24) and db/db (n = 12) mice under baseline conditions. e Data of H 2 O 2 -mediated relaxation from V1KO mice under baseline conditions (n = 24) and in the presence and absence of the antagonists 4-AP (n = 6), Pen A (n = 6) and DTT (n = 6), respectively. f Summary data of H 2 O 2 -mediated relaxation from db/ db mice under baseline conditions (n = 12) and with SB366791 (10 lM), the potassium channel inhibitor 4-AP, the combination of both or the reducing agent DTT (n = 6 for each group). *P \ 0.05 vs. control analyzed by two-way ANOVA. # P \ 0.05 vs. groups at 100 lM H 2 O 2 analyzed by two-way ANOVA unique ability to sensitize, or potentiate, TRPV1 activity in the murine coronary vasculature. Responses were next examined in V1KO and db/db mice. The potentiation response observed in vessels isolated from WT mice was absent in vessels isolated from V1KO mice at all concentrations of capsaicin following acute H 2 O 2 exposure (Fig. 6a) . Furthermore, vessels isolated from db/db mice exhibited increased relaxation only at lower concentrations of capsaicin following H 2 O 2 exposure when compared to baseline, but this response was still attenuated when compared to controls (Fig. 6b) .
The ability of H 2 O 2 to potentiate TRPV1-dependent currents were next examined and revealed similar findings to those found in vivo and in vitro. Co-treatment with H 2 O 2 (100 lM) significantly potentiated capsaicin-mediated TRPV1-specific currents ( Fig. 6c; Supplemental Fig. 1d ) in both cell types, which was absent in cells pretreated with SB366791 and/or DTT ( Fig. 6d and Supplemental Fig. 1e ).
Cells pretreated with DTT demonstrate reduced H 2 O 2 specific TRPV1-mediated activation.
Prolonged exposure to H 2 O 2 leads to TRPV1 desensitization
The effects of prolonged H 2 O 2 exposure (30 min; 0.4 lM/ kg) to TRPV1-dependent signaling were next examined both in vivo and in vitro as well as at the cellular levels. Prolonged exposure markedly attenuated capsaicin-mediated increases in CBF in WT animals (Fig. 7a) , similar to responses in db/db mice (Fig. 7b) . SB366791 had little effect on CBF following prolonged H 2 O 2 exposure. Furthermore, db/db mice treated with PEG-Catalase for 1 week, demonstrated significant improvement in CBF (Fig. 7b) . We used X-band EPR to analyze the redox status of the myocardium during the oxidation of CM-H (a spin probe of cyclic hydroxylamine) to a stable nitroxide in myocardium tissue homogenate. Under non-energized conditions (without external substrate NADH or succinate stimulation), the redox activity of db/db myocardium was significantly oxidized, based on a higher activity of conversion of CM-H to stable nitroxide (Supplemental Fig. 3a) compared to WT. Lastly, PEG-Catalase treatment significantly reduced the redox state of the myocardium in db/db mice (Supplemental Fig. 3a) which corresponded to decreased H 2 O 2 -dependent CM-H oxidation rate (Supplemental Fig. 3b) .
Isolated coronary microvessels from WT, V1KO, and db/db mice were next exposed to increasing concentrations of capsaicin (10 nM-100 lM), prior to and following luminal exposure to H 2 O 2 (100 nM) for 1 h. Prolonged intraluminal exposure to H 2 O 2 in vessels isolated from WT mice exhibited significantly blunted capsaicin-mediated (Fig. 8a) , while vessels isolated from V1KO mice exhibited no response to capsaicin-mediated relaxation following long term H 2 O 2 exposure (Fig. 8c) .
Similarly, vessels isolated from db/db mice exhibited minimal capsaicin-mediated relaxation under the same conditions (Fig. 8d) . Acetylcholine (ACh)-dependent relaxation (1 lM) was used to confirm H 2 O 2 (100 nM) exposure was not affecting vessel and endothelial integrity. ACh relaxation did not differ in vessels following chronic exposure to H 2 O 2 (Fig. 8b ). The effects of prolonged H 2 O 2 exposure on TRPV1-dependent currents were also studied in TRPV1 expressing HEK and BAEC cells. Similar to our in vivo and in vitro results, capsaicin-mediated TRPV1 currents were markedly attenuated compared to baseline non-treated conditions following 1 h treatment with 100 lM H 2 O 2 (Fig. 9c, d) , which was not due to decreased TRPV1 expression (Supplemental Fig. 2) .
Discussion
There is an ideal redox window in which normal production of H 2 O 2 regulates CBF [49] , but excessive H 2 O 2 production impairs coronary vascular responses. Previously, we demonstrated diabetes disrupts the TRPV1-dependent coupling of CBF to myocardial metabolism [21] , but the underlying mechanism(s) remain unclear. The present study was designed to determine the extent to which differential regulation of TRPV1 by H 2 O 2 modulates CBF and vascular reactivity in diabetes. Data from the current study confirm the ability of H 2 O 2 to directly activate as originally reported by Chuang and Lin (2009), sensitize and/or demonstrate its ability to desensitize coronary TRPV1 function. Our study produced the corresponding 5 major findings: (1) Reconfirmation of H 2 O 2 activation of TRPV1 channels [9, 52] corresponding to decreased H 2 O 2 -dependent CM-H oxidation rate. Together, these findings lead us to conclude that acute H 2 O 2 exposure activates or potentiates TRPV1-mediated responses, whereas prolonged exposure to H 2 O 2 impairs TRPV1-dependent coronary vascular signaling. This study provides compelling evidence that H 2 O 2 differentially regulates TRPV1 channels to alter TRPV1-dependent coronary vascular reactivity in mice. The ability of H 2 O 2 to directly activate and contribute to TRPV1 mediated signaling was initially demonstrated using electrophysiology. These results translated to the vascular and whole animal levels as H 2 O 2 induced a near complete dilation in isolated coronary microvessels from WT mice, which was reduced significantly in the presence of the TRPV1 antagonist SB366791 and in V1KO mice. Although, these findings highlight the fact that H 2 O 2 -mediates its responses through TRPV1, these effects are not completely abolished suggesting the participation of other channels. In fact, pharmacological TRPV1 inhibition may overestimate the role of TRPV1 in H 2 O 2 -mediated relaxation; however, knock out data demonstrates a significant contribution of TRPV1 to H 2 O 2 relaxation. The remaining TRPV1-independent H 2 O 2 -mediated relaxation may be due to the compensatory mechanisms in V1KO mice such as KV channels (as indicated by 4-AP-mediated suppression of H 2 O 2 -mediated relaxation in V1KO mice). Indeed, we found that blocking KV channels with 4-AP together with SB366791 completely abolished H 2 O 2 -induced vasodilation, consistent with previous studies on KV channels, [2, 42, 47, 48] -reinforcing a role for TRPV1. BK Ca channels have been shown to contribute to arterial tone [33] , however, unlike BK Ca -dependent H 2 O 2 -induced dilation in previous studies [3, 64] , the BK Ca channel did not contribute significantly to the dilatory effect in our study, suggesting that the H 2 O 2 -dependent sensitivity of K ? channels differs among vascular beds and perhaps species. Furthermore, other ion channels cannot be discounted as additional channels, that are described in endothelial and smooth muscle cells (e.g. TRPV4, voltage-gated Ca 2? channels, ORAIs, TRPM6/M7, TRPC6) [5, 44] , could also mediate this effect. Endothelial Derived Hyperpolarizing Factors (EDHFs) contribute to regulation of vascular tone [37, 62] . H 2 O 2 has been linked to EDHFs [4] : as endothelial H 2 O 2 production, which can reach 500 lM H 2 O 2 [11, 18] , leads to vessel relaxation [31, 36] . The contribution of EDHFs to vascular tone is still debatable, but EDHF is thought to be prevalent in resistance vessels; while nitric oxide regulates larger vessels [10] . While H 2 O 2 is often thought of as an endothelial-independent vasodilator, the blunted H 2 O 2 relaxation in denuded vessels from WT animals, reinforce a role for endothelial TRPV1 (blunted response) and vascular K channels (residual response) [47, 48] . A role for vascular TRPV1 expression and contribution to the responses can not be discounted as recent studies have demonstrated a role for vascular TRPV1 in various beds. In particular, a recent study by Hiett and co-workers [24] demonstrated a role for vascular TRPV1 in coronary vasospasm in canines. Similarly, a role for neuronal TRPV1 activation and resultant CGRPmediated dilation cannot be discounted. However, hexamethonium administration would likely diminish a role for CGRP-induced vasodilation as pre-synaptic transmission would be blocked, however the possibility of postsynaptic TRPV1 activation resulting in CGRP release cannot be discounted.
ROS are important modulators of TRPV1 activity to agonist stimulation, whereas oxidative stress diminishes cardiovascular function (e.g., endothelial dysfunction) [7, 32, 55, 59] . Various TRP subtypes act as cell sensors for changes in redox status, [1, 23, 63] including TRPM2 [23, 43] , TRPV1 [63] , TRPC5 [61] and TRPA1 [25, 35, 54] , thus highlighting TRP channels as frequent targets of oxidative modification. Oxidative modulation of TRPV1 involves modification of numerous residues, including cysteine(s), participating in various intra-and inter-subunit bonds which could contribute to overall TRPV1 activity via changes in reaction kinetics and stability. These intrinsic differences in gating mechanisms in response to oxidants suggest TRPV1 may act as a broad sensor of oxidant concentrations over a sustained period [9] . TRPV1 residues susceptible to oxidation may have specific ranges of regulation, thus it is conceivable that these modified residues control TRPV1 channel activity under cellular redox conditions in order to gate the channel appropriately. Recently, cytoplasmic C-terminus cysteine residues that sensitize TRPV1 activation upon oxidative challenge have been identified [9] . Furthermore, Jin and co-workers [28] demonstrated the ability of the oxidizing agent thimerosal to decrease TRPV1 activity via oxidation of extracellular sulfhydryl residues (Cys621). TRPV1 contains numerous cysteine residues [13] that could potentially be involved in redox modulation As the thiol moieties are sensitive to oxidation yielding various reversible products [60] . Reactive thiols are known to alter protein function whenever sulfhydryls are involved in catalysis or modulation of activity, thus representing a unique mechanism by which disease states interfere with protein function. Oxidation of individual thiol proteins have been observed in hearts or myocytes subjected to oxidative stress [8, 30, 51] . Recently, it has been demonstrated that exogenous H 2 O 2 causes oxidation of cysteine residues and potentiates heatevoked membrane currents in HEK293T cells [52] , an effect mediated by the TRPV1 channel. However, we do not know if H 2 O 2 exerts its effects on TRPV1 by modifying these residues. But our results with DTT suggest that H 2 O 2 mediates its effect on TRPV1 via modifying cysteine residues. We believe the actions of DTT to be a combination of action on both TRPV1 and KV channels as others [47, 52] effects on TRPV1 versus the current manuscript (10 mM DTT Susankova study vs. 10 lM current study). Furthermore, both reducing and oxidizing agents facilitate membrane currents induced by noxious heat and capsaicin through the oxidation of extracellular [52, 57] and intracellular cysteine residues of the TRPV1 receptor [52] . Similarly, oxidation of cysteine residues modulates the activity of ATP-sensitive K ? channels [41] and BK channels [14] , among others. Future studies will examine the oxidative modification of TRPV1 by H 2 O 2 .
The ability and extent to which coronary TRPV1 channels may translate oxidant stimuli into vasoactive signaling cascades is of particular interest and could provide insight into the effects of prolonged exposure of TRPV1 to oxidative stress. Our data highlight the rationale that as diabetic dysfunction progresses, oxidative stress increases and subsequent exposure to higher concentrations of ROS for prolonged durations enhances the potential for abnormal vascular TRPV1 signaling. This ROS imbalance can be detrimental to the cellular environment leading to oxidative posttranslational modification (PTM) of proteins. Alterations in cellular redox status can lead to aberrant PTM and corresponding pathological changes in protein function [12, 39] . Importantly, the plasma concentration of H 2 O 2 in humans were reported to be between 1 and 35 lM [22] . Interestingly, H 2 O 2 plasma concentration was demonstrated to be 50 nmol MDA/ml in control mice and 100 nmol MDA/ml in diabetic mice [17] suggesting that diabetes increases H 2 O 2 levels in plasma.
Oxidative environments also reduce capsaicin-evoked TRPV1 currents due to decreased effective agonist concentration caused by chemical reactions between capsaicin and oxidants [27, 52] . The current study details H 2 O 2 -dependent changes in coronary vascular reactivity seen in WT mice are significantly altered in coronary microvessels isolated from db/db mice. This is evident when prolonged luminal exposure to 100 nM H 2 O 2 in isolated coronary microvessels from WT mice markedly attenuated capsaicin-mediated dilation responses when compared to baseline. Similarly, prolonged H 2 O 2 exposure markedly attenuated CBF increases to capsaicin and led to decreased TRPV1-mediated currents. In db/db mice, prolonged H 2 O 2 exposure led to minimal changes in capsaicin-mediated effects (changes in CBF or relaxation), suggesting TRPV1 was already desensitized in this diabetic state. Thus further exposure of these already desensitized channels to even further oxidative stress conditions had little, if any, effect. Oxidative stress-induced TRPV1 diminished functional expression may underlie, at least in part, the diabetic Oxidation may represent a pathway independent of phosphorylation, desensitization, and acidic pH, acting to regulate TRPV1 channel activity. Changes in oxidative stress, leading to TRPV1 channel aberrant function, may promote the onset and development of diseases, as modifications in the function of these modulated TRPV1 channels have been associated with cell dysfunction and human pathologies [45, 65] . Although we did not measure the cellspecific contribution of TRPV1 (endothelial vs smooth muscle), our ex vivo isolated vessel studies and in vivo blood flow measurements in WT and global V1KO mice clearly demonstrate a critical role of TRPV1 in the regulation of coronary blood flow. Although coronary blood flow changes evoked by H 2 O 2 are almost completely blunted in V1KO mice, the interpretation of these results are certainly confounded by the potential effects H 2 O 2 has in vivo on the cardiovascular system. One must take into account the effect TRPV1 deletion may have on systemic parameters which in turn affect CBF. Based on our previous studies, we believe that endothelial TRPV1 accounts for the observed changes in the present study, however, a cell-specific V1KO mouse may unequivocally answer the contribution of endothelial or VSMC TRPV1 in coronary blood flow regulation which is the focus of our future studies.
In conclusion, this study demonstrates the physiological importance of H 2 O 2 regulation of TRPV1 dependent modulation of CBF. Our results provide evidence that the actions of redox-active substances such as H 2 O 2 are likely mediated by reduction and oxidation of specific sites on TRPV1. The subsequent modification(s) may have consequences for TRPV1 activity and thus represent a mechanism for the regulation of TRPV1 under both physiological and pathophysiological states. The modulation of TRPV1 by oxidizing agents will continue to reveal the numerous mechanisms that regulate TRPV1 activity during oxidantinduced microvascular diseases. 
